Background. Plasmodium species antigens accessible at the time of merozoite release are likely targets of biologically functional antibodies.
Immune epidemiological studies have shown that protective immunity against malaria is nonsterile and develops after repeated infections [1] . This type of naturally acquired immunity (NAI), also known as premunition, is mainly directed against the asexual blood stages of the malaria parasite and is mediated through immune cells and antibodies [2, 3] . The crucial role of immunoglobulin G (IgG) antibodies in protective malaria immunity has been demonstrated [4, 5] ; however, the targets of these antibodies and the mechanisms through which immunity is conferred have been elusive. Early in vitro studies have suggested that inhibitory IgG antibodies may control Plasmodium falciparum growth in collaboration with human monocytes through opsonic phagocytosis (OP) [6] [7] [8] or antibody-dependent cellular inhibition (ADCI) [9] . Both of these mechanisms are initiated by antibody opsonization of free merozoites. Because merozoites are exposed to circulating antibodies, merozoite surface proteins (MSPs) are considered likely targets of NAI [10, 11] . The potential importance of the MSPs in the development of NAI is indicated by numerous immune epidemiological studies, which have reported significant association between levels of MSP-specific IgG antibodies and protection from febrile malaria [12] [13] [14] . Collectively, these studies have also pointed to cytophilic IgG subclasses (IgG1 and IgG3) as the main contributors to NAI, suggesting that cells bearing Fc-gamma receptors are involved in protective immune mechanisms [15] [16] [17] [18] . Accordingly, 2 studies have demonstrated strong associations between levels of OP of merozoites and protection against febrile malaria in children from Papua New Guinea [19] and Kenya [20] . In contrast, there was no association between protection against febrile malaria and levels of antimerozoite antibodies when those antibodies were quantified by enzyme-linked immunosorbent assay (ELISA) [20] . A method that allows quantification of antibodies against the intact merozoite such as the flow cytometry-based immunofluorescence assay (FC-IFA) may correlate better with protective immunity, but this has yet to be demonstrated in a well-characterized longitudinal malaria cohort. Antibodies against MSP2 and MSP3 have been associated with protection against malaria, possibly functioning through the OP of merozoites mechanism [20] . Notwithstanding, others have also shown that antibodies against these antigens, as well as the glutamate-rich protein (GLURP), mediate their antiparasite activity through the ADCI mechanism [21] [22] [23] . The role of naturally acquired antibodies against GLURP in OP has not been studied, and the possible synergism or otherwise between the OP and ADCI mechanisms in protection against febrile malaria remains to be established.
Here, we used the novel FC-IFA of intact merozoites and a functional bioassay to quantify antibodies against merozoite surface antigens in a longitudinal cohort study of Ghanaian children. The FC-IFA antibody titers and the OP activity were significantly associated with protection against febrile malaria. The study also demonstrated that GLURP-specific human IgG binds to the merozoite surface and promotes phagocytosis.
MATERIAL AND METHODS

Study Design
Detailed description of the cohort is published elsewhere [24] . Briefly, in May 2008, 798 children aged 1-12 years were recruited in a longitudinal cohort study (LCS) conducted in Asutsuare, Ghana. Venous blood plasma was obtained at recruitment, and participants were monitored by active and passive surveillance for symptomatic malaria parasite infection for 42 weeks. Thick and thin blood slides were prepared monthly to screen for asymptomatic parasitemia. At the end of the study, participants were divided into 3 groups: (1) parasitemic children who suffered febrile malaria (fever > 37.5°C plus any other symptom of malaria) and were thus considered susceptible to febrile malaria; (2) parasitemic children who did not experience any febrile malaria episode and were thus considered protected; and (3) those in whom no microscopic parasitemia or febrile malaria episode was observed. Study approval was granted by the institutional review board of Noguchi Memorial Institute for Medical Research of University of Ghana, Accra, Ghana. Parents or guardians signed an informed consent form before enrollment.
Parasite Culture and Intact Merozoites Preparation
Plasmodium falciparum line NF54 was cultured as described previously [25] . Merozoite isolation was done as described [19] . In brief, early schizont stages were harvested by magnetic separation column and treated with 10 μM of epoxysuccinyl-L-leucylamido (4-guanidino) butane (E64) for 6-0 hours to allow schizonts to mature without rupture. Segmented schizonts were harvested and filtered through a 1.2-μm filter. Haemozoin was removed from filtered merozoites by passing the suspension over an LS MACS Column 3 times. Free merozoites were stained with 10 µg/mL of ethidium bromide (EtBr) for 30 minutes, washed twice with THP-1 medium (10% fetal calf serum/ Roswell Park Memorial Institute 1640 medium), and then enumerated using Count-Bright Absolute Counting Beads per manufacturer's procedure.
Test and Control Immunoglobulin G
Total IgG from Ghanaian children was purified as described elsewhere [26] . Human antibodies against the amino-terminal region of GLURP covering amino acid residues 27-500 were affinity purified from Liberian adults clinically immune to malaria as described [27] . A pool of hyperimmune immunoglobulin (HIG) from malaria-exposed Liberian adults and malaria-naive immunoglobulin (NIG) from Danish blood donors never exposed to malaria [28] served as internal controls.
Flow Cytometry-Based Immunofluorescence Assay
To each well of a 96-well U-bottom plate, freshly purified merozoites (2 × 10 5 ) were added in 150 µL of wash buffer (phosphate-buffered saline [PBS] + 0.5% bovine serum albumin [BSA] ). Test IgG from LCS were added at 0.05 mg/mL final concentrations and incubated for 40 minutes at room temperature. After 2 washes (centrifugation at 2000 × g for 5 minutes) with wash buffer, merozoites were reincubated at room temperature with 100 µL of fluorescein isothiocyanate (FITC)-conjugated sheep anti-human IgG (1:4000) or IgG1 (1:4000) or IgG2 (1:1000) or IgG3 (1:3000). After 40 minutes, merozoites were washed twice and resuspended in wash buffer, and 5000 events were counted by flow cytometry. First, parasites were gated based on their forward scatter and side scatter (SSC) profiles. A second gate was set up to display merozoites in forward scatter/FL1-FITC dot plot. Median fluorescence intensities (MFIs) were quantified using Kaluza Analysis Software (version 1.3).
The FC-IFAs using GLURP-specific antibodies were performed as described above. Merozoites were opsonized with GLURP-specific antibodies at 0.35 mg/mL. Bound anti-GLURP antibodies were detected with FITC-conjugated sheep antihuman IgG (1:4000). The relative fluorescence intensity was determined as percentage of FITC-positive merozoites using a single histogram.
Opsonic Phagocytosis Assay
The OP of merozoite assay was performed as described in detail [19] . In brief, freshly isolated EtBr-stained merozoites were opsonized with 0.1 mg/mL test from LCS or control IgG for 15 minutes. Aliquots of 50 µL of opsonized merozoites (4 × 10 5 ) were coincubated with THP-1 cells (1 × 10 5 cells/150 µL / well) in fetal calf serum-coated, 96-well, U-bottom plates for 40 minutes at 37°C in a 5% carbon dioxide humidified incubator. To arrest phagocytosis, plates were centrifuged for 5 minutes at 500 × g in a prechilled centrifuge, followed by 2 washes in icecold fluorescence-activated cell sorting (FACS) buffer (PBS + 0.5% BSA + 2 mM ethylenediaminetetraacetic acid). Cells were fixed with 200 µL of FACS fixative (FACS buffer + 2% paraformaldehyde) and subsequently analyzed in a Beckman Coulter cytometer. Viable THP-1 cells were gated by forward scatter and side scatter properties, and EtBr-positive events were enumerated using THP-1 cells alone. The percentage of THP-1 cells containing EtBr-stained merozoites determined the level of phagocytosis, which is expressed as the phagocytosis index (PI).
Opsonic phagocytosis assay using GLURP-specific IgG was performed essentially as described above. In brief, merozoites were opsonized with GLURP-specific antibodies at single (0.035 mg/mL [0.233 µM]) or at 2-fold serial dilutions. In competition experiments, GLURP-specific antibodies were preincubated with equimolar concentrations (0.233 µM) of homologous (GLURP) or heterologous (MSP2) antigen before opsonization of merozoites.
Confocal Microscopy for GLURP-Specific Antibody Binding to
Merozoites Surface
Merozoites (4 × 10 6 /well) were added to a 96-well U-bottom plate, fixed with 4% paraformaldehyde, and washed twice with wash buffer. The fixed merozoites were incubated with 0.035 mg/ mL of either affinity-purified GLURP-specific IgG or control IgG (HIG or NIG) or no antibodies for 40 minutes at room temperature and subsequently washed twice with wash buffer. The plates were further incubated with Alexa 488 conjugated goat antihuman IgG (1:2000) for 40 minutes, washed twice, and then stained with 4' ,6-diamidino-2-phenylindole at 10 ng/mL. After washing 3 times, merozoites were resuspended in 30 µL of wash buffer, of which 3.5 µL were placed on a glass slide and allowed to dry. Slides were mounted in FluorSave Reagent, and images were obtained using a Nikon TE 2000-E confocal microscope. The images were processed using Fiji-ImageJ software.
Multiplex Assay
Conjugation of GLURP R0 and GLURP R2 to beads and antibody measurement was done as previously described [29] . Briefly, for IgG measurements, 100 μL of bead mixture, consisting of 1250 beads of each of the coupled bead regions, were added to each well on a prewetted, 96-well filter microtiter plate. Plasma samples (diluted 1:2000) were added in duplicates and incubated for 2 hours. Phycoerythrin-labeled goat antihuman IgG was added at 1:200 and incubated for 1 hour. Plates were washed 3 times with assay buffer E (PBS, 0.1% BSA, 0.05% Tween 20, 0.05% sodium azide) between steps and analyzed on a Luminex 200. Interassay variation was corrected by adjusting MFI using HIG as calibrator: adjusted MFI = (average HIG-MFI all plates)/(HIG-MFI) × (MFI sample).
Statistical Analysis
Statistical analysis was performed with R version 3.1.2 and GraphPad Prism 5.0 software. To correct for interplate variation, PI values were normalized to the HIG as follows: (sample-PI/plate HIG-PI) × mean HIG-PI all plates. The HIG-PI coefficient of variation was 23.47%. Multiple logistic regression was used to examine the association between the covariates (age categorized at two levels: 1-5 and 6-12 years old; sex; sickle cell status; and ABO blood group), antigen-specific IgG levels, and febrile malaria [26] . Multiple linear regression models were used to investigate associations between age (continuous scale), antigen-specific IgG titers, and OP. The PI and antimerozoites antibody levels measured by the FC-IFA were each categorized at 2 levels (high group or low group) based on their respective median values. Associations between time-to-first febrile malaria episode and the categorized levels of PI or antimerozoites antibody levels were analyzed by Kaplan-Meier plots, log-rank statistics, and Cox regression adjusting for age group. Multiple testing correction for P values were performed by the Bonferroni method. P values < .05 were considered significant.
RESULTS
Study Design, Demographics, and Malaria Incidence
A total of 669 children completed the follow-up, and the demographic and febrile characteristics of a subpopulation with definitive malaria exposure (n = 168) were previously described [30] . For this study, IgG samples were available from 134 of the exposed children, of whom 48 were protected and 86 were susceptible to febrile malaria. The age difference between the 134 and the 168 exposed children was not statistically significant (P = .60, Welch's t test). Of all the covariates studied, only age (6-12 years group) was significantly associated with protection against febrile malaria (odds ratio [OR] = 0.32; 95% confidence interval [CI] = .14-0.67; P = .003) (Supplementary Table 1 ). It should be noted that the previous ADCI study on this cohort included only 98 children for whom sufficiently large quantities of IgG were available [26] . Our OP study has 134 children (the previous 98 inclusive) because the low amount of IgG required in the OP assay made it possible to include children who were previously excluded from the ADCI study on the basis of insufficient IgG quantity.
Association Between Antibody Levels Against Intact Merozoites and Febrile Malaria
There was a significant difference in the time to first malaria episode among children in the different antibody categories for IgG subclasses (IgG1 log-rank test P [P LT ] = .01; IgG2 P LT = .02, and IgG3 P LT = .003) but not IgG (Figure 1) . In age-adjusted Cox regression models, children in the high IgG1 (hazard ratio [HR] = 0.57; 95% CI = .37-.89; P = .013), IgG2 (HR = 0.59; 95% CI = .38-.93; P = .02), and IgG3 (HR = 0.53; 95% CI = .34-.84; P = .007) antibody groups had a significantly higher probability of remaining free of febrile malaria compared with children in the low antibody group during the study period. However, only high IgG3 (P = .03) remained significantly associated with protection against febrile malaria after Bonferroni adjustment for multiple testing correction (Table 1) .
Association Between Opsonic Phagocytosis Activity and Protection
Against Febrile Malaria
The overall OP activity increased significantly with age (OR = 22.76; 95% CI = 5.79-89.47; P < .0001) and was generally higher in protected than susceptible children (Figure 2A ). Children in the high OP group had a significantly (P LT = .0001) higher probability of remaining free of malaria during the study period than those in the low OP group ( Figure 2B ). This association remained significant (HR = 0.46; 95% CI, .30-.73; P = .0008) after adjusting for the confounding effect of age group in a Cox regression analysis.
Association Between Opsonic Phagocytosis Activity and Merozoite or
Antigen-Specific Immunoglobulin G Antibodies
There was a strong positive correlation (Pearson's r) between all of the merozoite-specific IgG antibody levels measured by the FC-IFA and OP activity (Figure 3) . Comparatively, the correlation was strongest (r = 0.8; P < .0001) for IgG in protected children but weakest (r = 0.44; P < .0001) for IgG2 in the susceptible children ( Figure 3B ). Having previously shown in this same cohort that antibodies against GLURP R0 and GLURP R2 are associated with protection [30] , it was of interest to investigate the potential association between OP and GLURP-specific antibodies. In a linear regression model that included age groups, for each antibody in turn, all the GLURP-specific antibodies except IgG2 against GLURP R0 (OR = 3.69; 95% CI = .57-23.72; P = .17) increased significantly with OP activity (Table 2) .
Relationship Between Glutamate-Rich Protein-Specific and Antimerozoite Antibodies
There was a moderate positive correlation (r = 0.53; P = .0001) between GLURP-R0-specific IgG and antimerozoite IgG in the protected children. A weak positive correlation was observed for GLURP-R0-specific IgG1 and IgG3 and the antimerozoite IgG1 and IgG3, respectively, in the susceptible children (Supplementary Figure 1) . Similarly, in the protected children, only GLURP-R2-specific IgG and antimerozoite IgG were moderately correlated (r = 0.67; P < .0001). The correlation was weak for anti-GLURP-R2 and antimerozoite IgG (r = 0.23; P = .03) and IgG1 (r = 0.40; P = .0002), respectively, in the susceptible children (Supplementary Figure 2) .
Role of Human Immunoglobulin G Antibodies Against Glutamate-Rich Protein in Opsonic Phagocytosis
Affinity-purified GLURP-specific antibody from naturally exposed hyperimmune individuals bound to a high (83.2%) percentage of merozoites, similar to the positive control IgG (HIG) (89.6%) in the FC-IFA ( Figure 4A ). In contrast, merozoites opsonized with the negative control IgG (NIG) displayed low (12.4%) antibody binding, which was close to that observed with Opsonic phagocytosis (OP) increases with age and is associated with a reduced risk of febrile malaria. A, Scatterplot of opsonic phagocytosis activity versus age for both protected (red dots and line) and susceptible (blue dots and line) children. Overall, there was a positive correlation between OP activity and age (Pearson's r (overall) = 0.37; P < .0001). B, Kaplan-Meier plot showing the malaria-free probability for children in the different OP groups during the follow-up period. The OP groups were categorized as low (red curve) or high (blue curve) based on the median. The shaded region around each curve is the 95% confidence interval of the malaria-free probability. Censored observations are denoted by vertical lines across the respective curves. The P value (P = .0001) shown is for the log-rank test. . Red font, dots, and regression lines denote data from protected children, whereas the blue font, dots, and regression lines denote data from susceptible children. The Pearson's correlation coefficient r, with associated P value is shown for both protected (red font) and susceptible (blue font) children in each plot.
unopsonized merozoites (8.7%) ( Figure 4A ). Immunofluorescence microscopy further confirmed the expression of GLURP on merozoites ( Figure 4B ). Next, it was demonstrated that GLURP IgG promoted OP of merozoites in a concentration-dependent manner ( Figure 4C ). The specificity of affinity-purified GLURP IgG was investigated by incubating GLURP IgG with equimolar concentration of homologous (GLURP) or heterologous (MSP2) protein before opsonization of merozoites. The binding of GLURP-specific IgG was strongly inhibited by prior incubation with recombinant GLURP, whereas MSP2 did not modify this interaction ( Figure 4D ). When tested by ELISA, the GLURPspecific IgG preparation reacted with GLURP but not with other antigens such as MSP2 and MSP3 (data not shown). Collectively, these results suggest that affinity-purified GLURP IgG is specific for GLURP and that the OP activity of GLURP IgG is due to a specific interaction with GLURP on the merozoite surface.
Correlation Between Opsonic Phagocytosis and Antibody-Dependent Cellular Inhibition Activity Levels of Immunoglobulin G From Ghanaian
Children
In past experiments, the ADCI activity of the same IgG preparations used in the present study was associated with protection A substantial percentage of the merozoites (83.2%) were opsonized by GLURP-specific antibodies. B, Paraformaldehyde-fixed merozoites reacted with GLURPspecific IgG, which was detected with an Alexa 488 (green)-labeled secondary antibody. Nuclei were stained with 4',6-diamidino-2-phenylindole (blue). Scale bar: 5 μM. C, Opsonic phagocytosis was strongly promoted by GLURP-specific antibodies in a concentration-dependent manner. D, Opsonic phagocytosis was significantly reduced when GLURP-specific IgG was pretreated with recombinant GLURP (green bar) before opsonization of merozoites, whereas merozoite surface protein 2 (MSP2) did not modify this interaction (brown bar). Gray and dark red bars represent OP of unopsonized merozoites and merozoites opsonized with anti-GLURP antibodies, respectively. Abbreviation: DAPI, 4',6-diamidino-2-phenylindole. from febrile malaria [26] . Because the OP and ADCI bioassays share fundamental similarities, we sought to define the relationship between these w assays. There was no correlation between OP and the ADCI activity levels either in the overall study population (Pearson's r = 0.14; P = .18) or when the children were stratified based on febrile malaria status, although levels of both biological activities seemed higher in protected children (Supplementary Figure 3) . All the antimerozoite antibodies measured in the FC-IFA except for IgG were significantly associated with increasing ADCI activity (Supplementary Table 2) .
DISCUSSION
In summary, we demonstrate a significant correlation between antimerozoite IgG3 antibody levels and OP of merozoites, and both were significantly associated with protection against febrile malaria in an LCS conducted in Ghana. Functional bioassays may help to identify targets of protective immunity and to elucidate the underlying mechanisms. Several studies have assessed the OP of merozoites as a potential correlate of malaria immunity, and this assay appears today as an important surrogate marker of protective immunity against P. falciparum asexual blood stages [19, 20] . Our finding that children whose IgG showed OP activity above the median value had a 54% reduced risk of febrile malaria compared with children with IgG OP activity below the median value reinforces the importance of antimerozoites antibodies for development of NAI. To our knowledge, there is no available information on circulating parasite strains in our study area; however, because the IgG used in the OP assays was polyclonal, it would be expected to have a wide breadth of reactivity and be effective against the different strains in the population. Moreover, a study conducted in Papua New Guinea using a panel of laboratory and field strains demonstrated similar phagocytosis responses across all strains, suggesting that parasite diversity does not influence the potential of the merozoite-specific antibodies to predict protection against febrile malaria [31] . In malaria-endemic populations, NAI develops gradually in relation to age-related exposure to parasite infections [1] . This is consistent with our finding that increasing OP activity is not only associated with protection but also significantly associated with age.
Naturally acquired immunity against malaria is most likely a composite of several mechanisms. Using purified IgG from the same LCS, we have previously identified ADCI as a predictor of protection against febrile malaria, but the overall contribution of the ADCI mechanism was low [26] . The lack of an association between the OP and ADCI activities in the current cohort may indicate that these 2 bioassays reflect distinct properties of P. falciparum-specific antibodies. The strong association observed between the FC-IFA-measured antimerozoite antibodies and ADCI activity may underscore this notion. It is well established that the IgG3 subclass plays a major role in the ADCI mechanism [27, 32] . Our study also suggests that IgG3 may also be crucial in promoting OP.
The merozoite surface is thought to undergo continuous molecular flux due to secretion of new proteins from the internal secretory organelles and proteolysis of existing surface proteins carried out by secreted enzymes [33, 34] . Therefore, the exact configuration of the merozoite proteins needed for invasion is transient and short-lived, and merozoites become noninvasive about a minute after schizogony. To target critical merozoite surface antigens, we have developed a novel FC-IFA that uses freshly purified merozoites to quantify antibodies. Using this assay, we have demonstrated a strong association between levels of antibodies against the merozoite surface and protection from febrile malaria. A similar association was not detected in previous studies using ELISA-based serology [20] , possibly because of denaturation of protective epitopes or an underrepresentation of the corresponding antigen(s). Importantly, there was a strong correlation between IgG antibody levels measured in the FC-IFA and their biological activity in the OP assay, suggesting that the FC-IFA titer may be a proxy of the biological activity.
It is known that naturally acquired antibodies against GLURP can promote strong ADCI activity [22, 29] . Here we have demonstrated that GLURP-specific antibodies purified from sera of clinically protected individuals can also promote OP of merozoites. Affinity-purified antibodies were found to react in a specific manner with recombinant GLURP and did not react with MSPs such as MSP2 and MSP3. Moreover, the opsonizing activity of the affinity-purified antibodies was completely reversed by soluble GLURP. Thus, GLURP was most likely the sole target of the affinity-purified antibodies found effective in OP. Because GLURP-specific antibody responses were strongly associated with protection against febrile malaria and with the OP activity of children's IgG, our study confirms the potential role of GLURP IgG in NAI and suggests that GLURP IgG promotes dual activities in clinically immune individuals. Whether GLURP IgG also exhibits dual activities in vaccinated children remains to be investigated [35] . With the primary goal to identify immune surrogates for antibody functional activity against malaria parasites, this study, together with our previous studies [15, 22, 27] , provides a foundation for further assessing the suitability of GLURP-specific IgG3 as a surrogate for functional activity. It is not entirely clear why most of the GLURP-specific IgG subclass antibodies measured by the multiplex were not strongly correlated with the antimerozoite IgG measured by the FC-IFA although both were independently associated with OP. However, this may reflect the obvious differences between the target antigens in the 2 assays (ie, a single refined recombinant protein [GLURP] compared with a whole intact merozoite surface).
In conclusion, findings from this study corroborate previous studies that found OP of merozoites to be associated with protection and further show IgG3 to be a significant antibody in the OP mechanism. The GLURP-specific antibodies have also been demonstrated here for the first time to be crucial in the OP mechanism, giving further impetus for the development of malaria vaccines targeting this protein.
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